negatively shifted the voltage dependence of steady-state inactivation. Mutation of a putative local anesthetic receptor reduced phasic inhibition by meperidine and lidocaine and tonic inhibition by lidocaine, but not meperidine tonic inhibition.
Conclusions: Meperidine blocks Na+ channels with molecular pharmacologic features of a local anesthetic. The findings support classification of meperidme as a local anesthetic but with less overall potency than lidocaine. (Key words: Heterologous expression; mutagenesis, receptor.) MEPERIDINE (ethyl 1-methyl-4-phenylisonipecotate hydrochloride), a phenylpiperidine, is an opioid widely used for analgesia and sedation. In addition, meperidine produces sensory spinal anesthesia that is roughly equipotent with hyperbaric lidocaine, 1-5 suggesting that it is a local anesthetic (LA). Additional support for this proposal is derived from reports of action-potential block in peripheral nerve"-" and muscle."' However, the ability of meperidine to produce clinical local anesthesia in peripheral nerve remains unclear because meperidine caused local anesthesia in intravenous regional anesthebut failed to produce median nerve blockade &.ial 1 3 12 using local infiltration. classification as an LA requires clinical local anesthesia but also characteristic blockade of voltage-dependent Nat channels involving an intrapore r e~e p t o r . '~ Voltage-dependent Na+ channels are membrdne-spanning proteins tha; form voltage-sensitive, Na+ selective pores through the membranes of excitable cells and are essential to action-potential initiation and propagation. The pore is regulated by channel gates. At resting membrane potentials, Nat channels are in a resting state in which the pore is closed by activation gates. Membrane depoiarization induces conformational changes that open activation gates, resulting in conduction of N d + ions through the pore and Na+ current. Continued depolarization triggers closure of an inactivation gate, occlusion of the channel pore, and current termination. ing state by shutting activation gates and opening the inactivation gate. 15 Local anesthetics are commonly tertiary amines linked through an amide or ester linkage to an aromatic moiety.
They exert clinical effects through the blockade of voltage-dependent Na+ channels. Key features of LA action are tonic and phasic current inhibition and a negative shift in the voltage dependence of steady-state inactivaaccessory PI subunit was provided by Dr. William Catterall, Department of Pharmacology, University of Washington, in pBluescript (KS+) inserted at EcoRI. Xenopus P-globin untranslated region flanked awT, aF1579A, and PI in pBluescript (KS-) to enhance expression. cRNA was synthesized using T3 RNA polymerase after a linearizing cut at Sal I followed by 5' capping.
tion. Tonic or "resting" inhibition arises from channel blockade in the absence of recent activity. Phasic or "use-dependent" inhibition is progressive current depression during repetitive stimulation that stems from the accumulation of long-lasting, drug-blocked states. These complex features of LA action are concisely explained by a modulated r e~e p t o r , '~'~~ which extended earlier mechanistic proposals of LA action. m" The hypothesis holds that LAs bind to an intrapore receptor with variable affinity that is determined by channel state; those associated with opening (open and inactivated) have high affinity. Furthermore, bound channels are nonconducting and give rise to stabilized, drug-blocked states as reported by a negative shift in the voltage dependence of steady-state i n a c t i~a t i o n . '~'~~ A recent investigation has begun to identify the structural underpinnings of an intrapore LA receptor.'l We investigated the effects of meperidine and the commonly used LA lidocaine on currents of rat skeletal muscle p, a-subunit (RSkM1) Nat channels expressed heterologously with rat brain PI accessory subunit in Xenopus oocytes. The approach allowed study of a homogeneous Na+ channel population and examination of the role of an intrapore LA receptor by manipulating channel structure through mutagenesis and expression. A preliminary version of this work has been published in abstract form.22
Material and Methods

Molecular Biology
Rat skeletal muscle Nat channel p, a-subunit (RSkM1; provided by Dr. David Yue, Department of Biomedical Engineering, The Johns Hopkins University) was inserted in pBluescript (KS-) at EcoRI. RSkMl was mutated from wild type (a,: [F1579] )
to the F1579A genotype (aF1 579A: [A1 5791) using sequential polymerase chain reaction-based mutagenesis.13 Oligonucleotides were synthesized on Applied Biosystems DNA synthesizers (Foster City, CA). Mutations were confirmed using dideoxynucleotide sequencing. Rat brain Naf channel
Oocyte Expression
Xenopus oocytes were obtained from frogs purchased from Nasco (Fort Atkinson, MI). Oocytes were defolliculated in preparation for RNA injection and electrical recording by exposure to collagenase (0.2 mg/ml, type 11; Sigma, St. Louis, MO) for 1-3 h at 20°C. Oocytes were injected with 30-50 nl(5-20 ng) of 5' capped cRNA of a, or with PI (1:l ratio by weight), referred to as WT-p, and F157!9A-P1, respectively. Naf channel expression in oocytes requires coexpression with PI to duplicate in vivo channel f u n c t i~n .~~-~" The oocytes were kept for 1-7 days at 16"C, during which time they were tested for expression using two-electrode voltage clamp.
Two-electrode Oocyte Voltuge Clump
Bath solution contained 100 m M NaCl, 2 m M KCl,, 1.8 m~ CaCl,, 1 m M MgCI,, and 5 m M HEPES, and p H was adjusted to 7.6 with NaOH at 22°C. Oocytes were voltage-clamped using a standard two-microelectrode voltage clamp technique. Electrodes were pulled from borosilicate glass pipettes and filled with 3 M KCl. Electrode resistances were 0.2-0.6 MR. Membrane Results with data subjected to the same inclusion criterion.
Statisticul and Duta Analysis
Normalized current concentration-response relationships were fit with the following logistic equation:
where I is current magnitude normalized by control, C is the agent concentration, IC,,, is the half blocking concentration, and Slope, is a slope factor related to the Hill coefficient. Normalized current amplitude responses over time were fit with the multiexponential function:
inhibition and a negative shift of the voltage dependence of steady-state inactivation. These effects are mediated by a putative intrapore LA receptor. We wished to examine meperidine effects in a heterologously expressed Na+ channel so that primary protein structure could he manipulated through mutagenesis. The general features of LA action are shared by Naf currents of nervous, skeletal, and cardiac muscle tissue'6"X,28-30 as well as their expressed tissue-specific isoforms.2'22"~" This indicates that fundamental structures mediating LA action are conserved, and observations made in these isoforms have general import. Consequently, we studied rat skeletal muscle Na+ channel y , a-subunit (RSkMl) because our laboratory is familiar with its heterologous expression, current recording, and molecular manipulation.
We first addressed tonic inhibition, which reflects channel blockade arising from LA binding to resting and possibly open channels. Figure 1A shows a family of Na+ currents (TNa) elicited from an individual oocyte expressing wild-type RSkMl (WT-p,) Na+ channels (see Methods). The control response manifests a typical native I,, time course that is marked by rapid activation reaching a current peak within milliseconds, followed by current decay caused by fast inactivation. Current-voltage relationships peak at approximately -10 mV (data not shown), which is also consistent with native currents and reports of WT-p, expressed in oocytes.2",32 Lidocaine application caused a concentration-dependent reduction of I,, amplitude, reflecting an increasing proportion of tonically blocked channels. Figure 1B shows an I,, family elicited from another oocyte expressing WT channels over a range of meperidine concentrations, dose-dependent fashion, lnarking its ability to induce tonic channel block. A lidocaine concentration-rewhere I is the normalized current, t is time, A , are the component amplitudes, and 7, is the time constant of the response relationships were fit with the two-state Boltzmann equation: ith component. current Interestingly, meperidine also reduced I,, amplitude in a where I is the current amplitude normalized by control, z, is membrane voltage, 21% is the voltage at half value, and Slope, is a slope factor. Equation parameters were estimated using a nonlinear, least-squares algorithm. Goodness of fit was determined by visual inspection.
Grouped data are given as mean C SEM. One-tailed P values < 0.05 were considered to have statistical significance.
Results
Hallmark features of LA modulation of voltage-dependent Na+ channels include tonic and phasic current vated channels over the train. Constant lidocaine concentration caused progressive reductions in I,, amplitudes, which reached an apparent plateau near pulse no.
5.
The declining phase of this response can be explained by decreasing channel availability resulting from accumulation of slowly recovering, depolarization blocked channels. In this analysis, the plateau reflects an equilibrium between intrapulse blockade and interpulse recovery and reports the steady-state fraction of available, unblocked channels. This value is approximately 0.3 for lidocaine. Notably, meperidine application caused qualitatively similar effects, thereby marking phasic inhibi- The meperidine relationship is shifted rightward, signifying lower potency. Assuming these agents differ only in the affinity of a target receptor, the differences in IC,, values of logistic equations suggest a fourfold lower affinity for meperidine. Phasic inhibition arises from depolarization-induced, drug-blocked states with slower recovery than control fast inactivation (approximately 20 ms). Therefore, increased lidocaine potency in phasic inhibition can arise from either greater lidocaine potency in depolarizationinduced block or slower recovery of resultant blocked states. We used a two-pulse protocol ( fig. 3) to explore the recovery time course of depolarization-induced, nonconducting states. Figure 3A plots normalized INa amplitude versus recovery interval, which conveys the time course of channel availability after the prepulse. We described time courses using multiexponential functions (see Methods). In control, short recovery intervals (< 2 ms) resulted in a near-zero response, where most channels were fast inactivated during the prepulse and remained so over these brief recovery periods. Increasing recovery interval caused a rapid monoexponential increase ( T~ = 4.9 ms), reflecting swift channel recovery from fast inactivation. Lidocaine markedly altered this response by introducing a new slow exponential 3B ) representing drugblocked channels that recovered with a similar time constant (7, = 628 ms). The smaller magnitude of this component is explained by a twofold lower concentration relative to lidocaine and less sensitivity to depolarization-induced drug block. Therefore, greater lidocaine potency in phasic inhibition arises from higher channel sensitivity to depolarization-induced drug block. With meperidine tonic and phasic inhibition established, we considered drug-induced alterations in the voltage-dependence of steady-state inactivation using a two-pulse voltage protocol (fig. 4) . The 100-ms prepulse is sufficiently long to fix a new steady-state relation between resting and fast inactivated channels. We plotted normalized test I,, versus prepulse voltage ( fig. 4A) , which charts the voltage-dependence of available resting channels. In control, for largely negative prepulses (< -80 mv>, this relationship is nearly one, indicating high channel availability. Increasing depolarization reduces the relationship, which approaches zero near -30 mV.
This indicates a shift from available resting channels to the unavailable fast inactivated state. Lidocaine nega- The main functional component of the Nat channel is a 260-kDa pore-forming a subunit. Its sequence is highly conserved among nervous, cardiac, and skeletal tissues, indicating a common fundamental structure in which the channel is arranged in the membrane as four homologous domains or repeats (I-IV). Each domain contains at least six a-helical transmembrane repeats S 1 -S6 ( fig.  5A ). The four domains are thought to come together like staves of a barrel to form the integral ion channel pore." Recently, critical amino acid residues affecting LA block in expressed rat brain IIA Na+ channels were identified and proposed to contribute to an intrapore LA receptor." Among these, phenylalanine (F) 1764, when mutated to alanine, produced relative LA insensitivity. Figure 5A shows the extracellular S546 loop, residues of a-helix of domain NS6, and the location of the homologous residue (F1579) in RSkM1. To test for the involvement of the putative intrapore LA receptor in meperidine action, we mutated F1579 to alanine and reexamined meperidine and lidocaine blockade. Figure 58 shows INas elicited from individual oocytes expressing F1579A-p1 channels. Control responses show typical activation and inactivation time courses, which, in combination with unaltered current-voltage relationships (data not shown), indicate unchanged fundamental channel properties. Lidocaine depressed I, , amplitude nearly threefold less than that for WT-PI channels, which reports a noticeable reduction in tonic block sensitivity ( fig. 1) . Given the parallel effects of meperidine and lidocaine heretofore, we were surprised that I, , sensitivity to meperidine seemed unchanged from WT-6, ( fig. l) , suggesting no change in meperidine tonic block. These observations were confirmed in concentration-response relationships from grouped data ( fig. 5B ). The lidocaine relationship for F1 579A-p1 is rightwardshifted compared with that for WT-p,, resulting in a threefold reduction in sensitivity based on changes in IC,, values and consistent with previous reports.*' However, the meperidine relationship is unchanged from WT-PI, suggesting that F1579 is uninvolved in meperidine tonic block (see Discussion).
We assayed phasic blockade of F1579A-Pl using the earlier pulse train protocol ( fig. 5C ). We constructed concentration-response relationships for the ratio of I , , amplitudes for pulse nos. 15 and 1 (INa,#lS/INa,#l), which reports the steady-state fraction of available channels ( fig. 5C ). The steepness of the lidocaine relationship was dramatically reduced, resulting in a more than fourfold increase at higher concentrations (> 2 mM) relative to WT-6,. This indicates a marked reduction in phasic block sensitivity consistent with prior results.21 Importantly, similar striking changes are also observed in the meperidine relationship, which points to a critical role of F157C) in phasic block by meperidine.
Discussion
Our primary goal in this study was to determine whether meperidine possesses the molecular pharmacologic properties required for classification as an LA.'4 We studied currents of heterologously expressed Na+ channels, which provided a homogeneous channel population, thus likely eliminating other confounding channels and possible modulatory pathways. ' O This powerful approach was essential in examining the role of an intrapore LA receptor because it allowed manipulation of channel structure using mutagenesis. Our results, for the first time, indicate that meperidine blocks voltage-dependent Nai channels with hallmark features of LAs, including tonic and phasic blockade and a negative shift in the voltage dependence of steady-state inactivation. These effects were observed at millimolar concentrations roughly similar to lidocaine in this study and meperidine concentrations achieved during typical clinical dosing for subarachnoid administration." Our data also show that disruption of the putative LA receptor through the F1579A mutation markedly reduced sensitivity to phasic block but not to tonic block. This apparent contradiction can be explained by an emerging picture of intrapore LA binding (see below), leading us to conclude that meperidine action involves an LA receptor. Overall, our results support the proposal that meperidine is an LA. Local anesthetics induce two kinetically distinct blocking effects (rapid and discrete) of currents from single Na+ channels lacking fast inactivation; this suggests LA binding within the Nat channel pore blocks ion flow and involves two distinct binding domains.'" The possibility of dual separate binding domains finds additional support in recent observations. F1579A selectively eliminates discrete block in single RSkMl channels lacking fast inactivation, suggesting F 1579 contributes primarily to a binding domain mediating discrete block.4" Discrete block may result when the aromatic tail of an LA molecule binds to a lipophilic binding pocket partly formed by F1 57940 or through rr electron interactions between aromatic
In addition, introduction of negative charge on the selectivity filter enhanced tonic block by tertiary amine but not neutral F1579A and the homologous mutation in rat brain IIA" profoundly impairs phasic inhibition, thereby pointing to a critical role of discrete block. If discrete block is mediated by shallow lipophilic amino acid residues (i.e., F1579), then rapid block nuy arise from interactions of the positively charged tertiary amine head with deep negatively charged structures on or adjacent to the selectivity filter. Assuming some form of these dmg-channel configurations exist in resting channels, then interactions with a rapid binding domain may predominate in meperidine tonic inhibition. Therefore, meperidine tonic inhibition would be little changed by alteration of a discrete binding domain by mutation F1579A. Decreased meperidine interactions with a discrete binding domain accord with lower meperidine potency in phasic inhibition. In contrast, lidocaine may interact with the discrete domain in both tonic and phasic inhibition. Overall, these observations suggest a complex molecular picture for LA binding within the Nai channel pore. Further structural and pharmacologic studies are required for a deeper understanding of these pore interactions and LA inhibition.
The salient structural features of LAs include a tertiary amine linked to an aromatic group through an amide or ester bond. At physiologic p H , the tertiary amine is frequently protonated because its pKA is approximately 8, resulting in a net positive charge. At a simple level, the molecular arrangement can be envisaged as a linear structure with a charged hydrophilic quaternary amine head and an aromatic lipophilic tail. Interestingly, these primary features are shared by meperidine, where the tertiary amine ( pKA = 8.5) on the piperidine ring serves as the charged head, and a phenyl group serves as the lipophilic tail.43 If these features figure prominently in LA binding with its receptor, then these shared qualities are consistent with meperidine being an LA.
In addition to meperidine, several other opioids induce LA effects. Morphine seems to inhibit sodium conductance of nerves and muscle in a manner that involves a direct LA effect'"'""-4" as well as an indirect opioid receptor-mediated pathway. 10345-" Methadone blocks peripheral mammalian nerves.7348 In addition, both fentanyl and sufentanil block nerve cond~iction."~~ It will prove interesting to determine whether these agents may qualify as LAs.
In this study, meperidine produced tonic inhibition comparable to lidocaine, but meperidine was fivefold less potent in phasic inhibition. Phasic inhibition likely plays a critical role in Nai blockade by some antiepileptic and antiarrythmic drugs as well as in local a n e~t h e s i a .~" -~* In these situations, impulses occurring with high frequency produce phasic inhibition that leads to action-potential refractoriness and impulse blockade. Therefore, our data suggest that meperidine is a weaker local anesthetic overall relative to lidocaine. Lower meperidine potency may provide insight into the results of clinical studies examining the ability of meperidine to induce local anesthesia of peripheral nerve, a requirement for classification as an LA. Oldroyd et al. sea, and pain at the injection site in the meperidine lidocaine (0.25%) on compound motor action potentials and sensory nerve action potentials in humans. Lidocaine (0.25%) prolonged latencies of both responses consistent with a local anesthetic effect. In contrast, even 1.5% meperidine failed to alter latencies but did cause vertigo, nausea, and flushing in all subjects. Overall, these clinical findings are accounted for by weak LA potency and significant opioid activity of meperidine. Therefore, doses necessary for periph- concentrations sufficiently high to trigger undesirable central opioid effects (i.e., nausea, dizziness, depression of respiratory drive). This clinical profile for regional anesthesia of peripheral nerves may relegate meperidine, as a sole agent, to patients allergic to LAs or as a supplement to traditional LAS.'~ Our conclusion that meperidine is a weak LA has implications in sensory Spindl anesthesia. Here, meperidine is roughly equipotent with hyperbaric lidocaine, '-' suggesting differences in LA mechanism for central and peripheral nerves.54 This may be explained by inhibition of other ion channels in the central nervous system not present peripherally. Alternatively, this may result from differential LA sensitivity among voltage-dependent Nat channel isoforms in different tissues.2",3',55 Understanding these divergent meperidine effects awaits further pharmacologic investigations of the central and peripheral nervous systems.
